We show that the behaviour of the real exchange rates of the UK, Germany, France and Japan has been characterised by structural breaks which changed the adjustment mech- 
Introduction

1
The last few years have seen a remarkable revival of Purchasing Power Parity (PPP) as a theory of long run exchange rate equilibrium. The view that the real exchange rate is a random walk seemed almost unshakeable twenty years ago (see, for example, ?) and had been given a theoretical basis by a number of authors, notably Roll (1979) . However, more recently a large number of papers have appeared showing that PPP may be a credible description of the steady state. In particular, it has been shown that nonlinear models may help to explain the riddle posed by Rogo¤ (1996) , that while nominal exchange rates exhibit extremely high volatility, adjustment to PPP shocks derived from the typical linear equation estimates stretch to a half-life of 3 years or more. By contrast, the evidence in the nonlinear models of Michael, Nobay and Peel (1997) , Taylor, Peel and Sarno (2001) , Baum, Barkoulas and Caglayan (2001) , Paya, Venetis and Peel (2003) , among others, supports the view that real exchange rates are driven by an arbitrage process, such that the speed of reversion to PPP is an increasing function of the scale of the shock and hence of the divergence from equilibrium. In this context, while small shocks are only very slowly reversed, since they create only small pro…t margins for arbitrageurs, large shocks trigger a scramble to exploit the free lunch, quickly driving prices and/or nominal exchange rates, if they are freely ‡oating, back towards equilibrium.
The explanation for this type of mean reversion can take a number of di¤erent forms (e.g Dumas (1992) , Sercu, Uppal and van Hull (1995) ). One could imagine potential arbitrageurs having di¤erent trading costs, depending on their location, the scale of their 1 Subject to the usual disclaimer, the authors wish to acknowledge the comments of participants in seminars at De Nederlandsche Bank, Amsterdam and the University of Hannover for their helpful comments. 1 operations, their competitive position in the market etc. Then, if they are thought of as ranged along a continuum from lowest to highest (transaction) cost, the further the real exchange rate from PPP, the greater the proportion of traders in a position to exploit arbitrage opportunities. Equally, the mechanism described here could be interpreted in terms of di¤erent goods, with deviations from the Law of One Price being recti…ed in ascending order of transportation costs etc. In any case, one implication is that the disequilibrium behaviour of the real exchange rate is best described by a nonlinear process which divides the space into three regimes: a central zone in the neighbourhood of the PPP exchange rate, surrounded by upper and lower zones de…ning the outer regimes, with smooth transition between the interior and exterior (Michael, Nobay and Peel (1997) , Taylor, Peel and Sarno (2001) ). In the current paper, we generalise this nonlinear approach to allow for time variation in the real exchange rate transition process itself, an extension which seems highly desirable for a number of reasons.
In the …rst place, while we accept the view expressed by Lothian and Taylor (1996) that using a dataset which covers a number of di¤erent regimes has the virtue of providing a more stringent test of mean reversion (in addition, of course, to more degrees of freedom), we nonetheless feel it may be unsafe to ignore major structural breaks altogether. The issue here is not simply a matter of the number or scale of the regime changes during the data period, but also their protracted nature, which suggests that it may take months or even years for agents to adjust fully to the change. For example, neither the breakdown of Bretton Woods nor the start and subsequent collapse of the European Exchange Rate Mechanism can be represented as clean once-and-for-all structural breaks. The Bretton Woods system collapsed on August 15th, 1971, and was succeeded from 1972 onwards by a 2 series of short-lived …xed rate regimes (the Smithsonian Agreement, the so-called Snake, etc) before more or less free ‡oating became the norm at some point in 1973. Likewise, the ERM collapse occurred in stages from mid-1992 onwards as ‡uctuation bands were …rst widened, then abandoned altogether. Secondly, even when regime change is instantaneous, we would expect the arbitrage mechanism underpinning the adjustment model to involve a learning process over a period of months or even years as traders in both the currency and goods markets adjust to the new policy environment.
2 This is even more true of structural changes 3 the dataset, specify the estimation methodology to be used, and discuss the results.
The Time-Varying Smooth Transition Autoregressive (TV-STAR) Model
The TV-STAR model of Lundbergh et al (2003) can be written in the general form:
In this equation, q t = s t + p t p t is the change in the log of the real exchange rate, where s t is the log of the US dollar price of foreign currency (Pounds, Deutsche Mark, Yen and French Francs), and p t ; p t are logs of the non-US and US consumer price index respectively, This formulation represents the adjustment process itself as evolving smoothly from the STAR in the …rst curly bracket parameterised by and to the one in the second bracket parameterised by and , as the passage of time takes the value of the logistic F 1 (t) from its initial value of zero to its terminal value of 1.0 Hence, writing the LSTAR function of time as :
makes the value of F 1 (t) exactly at the point t = c 1 , where the regime changes. On either side of this break, the process changes smoothly from its asymptotic starting point at:
to its ultimate steady state value of:
when the e¤ect of the regime change dies away. The size of 1 determines the speed of the transition from pre-to post-structural break regimes. Notice that where this parameter is extremely large, the associated shift can be regarded as equivalent to a one-o¤ structural break of the kind which could be adequately modelled by conventional econometric methods (dummy variables etc). The time-varying model by contrast allows for evolutionary change around a structural break.
As far as the within-regime adjustment process is concerned, we allow for two alternatives.
One possibility is the ESTAR mechanism:
which has generally been favoured by researchers in this area. 5 Since F 2 takes a value of 1.0 when q t d = c 2 , and asymptotes to zero as (q t d c 2 ) ! 1, it implies a symmetrical 5 Though Sarantis (1999) which …nds LSTAR rather than ESTAR best explains the behaviour of the real e¤ective exchange rates of the Franc and Deutsche Mark.
5 reversion pattern. In other words, it imposes the condition that the extent of mean reversion in any period is the same whether the dollar is over-or undervalued relative to PPP, since the adjustment process at time t is dependent only on the absolute size of disequilibrium d periods ago (i.e. at t d), irrespective of whether the disequilibrium was negative or positive.
Unlike many researchers in this area, we also allow for the possibility of asymmetric adjustment via an LSTAR process of the same general form as (2):
which allows the pattern of mean reversion to di¤er, depending on whether the currency is above or below its PPP equilibrium level.
The choice between the two speci…cations must ultimately be decided empirically, but it is worth considering the di¤erent implications of (6) and (5). To see why asymmetry cannot be ruled out a priori, consider the example of a shock to the nominal exchange rate of the Pound against the Dollar. If the shock is positive for the Pound (i.e makes it overvalued), then in the absence of any concomitant change in the equilibrium real exchange rate, UK exports become uncompetitive if the pass-through of costs is immediate and complete. This scenario is unlikely, however. Given imperfect competition, it is far more probable that, initially at least, UK exporters will absorb some of the exchange rate appreciation and accept lower margins in order to hold on to market share in the USA, especially if they expect the shock to be reversed in the near future. On the other hand, in the aftermath of a shock of the opposite sign, the incentive for US exporters to reduce their margins would in most cases be far smaller, given the relatively small UK market, so the pass-through from dollar to sterling prices would probably be far quicker. 6 For a discussion of some of these issues, see Campa and Goldberg (2002) Against this, it could be argued that the opposite applies to British and American importers, if they tend to smooth prices by absorbing part of the short run impact of exchange rate ‡uctuations. However, it is not clear that the two e¤ects need cancel out. In the …rst place, in both …xed and ‡oating rate eras, bilateral current account balances were nonzero for long periods, especially in the cases of Japan and Germany. Secondly, since exports and imports are not necessarily the same good produced by the same industries, they may well have di¤erent associated trading costs, be sold in a di¤erent competitive environment and therefore adjust to disequilibrium at di¤erent speeds.
In summary, we see no reason to rule out LSTAR adjustment a priori and in fact prefer to let the data speak for itself.
7
Interpretation of the results of TVSTAR estimation is often easier when (1) is rewritten as follows:
7 In particular, we do not accept the argument of Taylor, Peel and Sarno (2001) 
A restricted version of the model would eliminate the …nal interaction term by assuming:
(e.g. Sensier, Osborn and Ocal (2002)). Although this formulation simpli…es matters considerably, and makes estimation (and interpretation) a little more straightforward, it has no very obvious justi…cation in the present context, and in fact experiments suggested it provided an inferior …t to the fully speci…ed model.
Data
The data used here are monthly, starting in January 1957 
Estimation Method and Results
As is made clear by Lundbergh et al (2003) 8 Sensier, Osborn and Ocal (2002)). The methodology adopted here involved a number of stages. First, a linear AR model was …tted to the data
with the order of the lag polynomial determined by the standard AIC criterion. This procedure served to identify as the best possible linear models m = 1 for Germany and Japan, and m = 3 for France and UK (Table 1) . As expected, the estimated models are consistent with stationarity of q t . Perhaps surprisingly, the diagnostics are not unfavourable, though the distribution of the residuals is, as usual with exchange rate data, a long way from normality.
Based on the optimal lag order established at this stage, we implemented the explicit tests for nonlinearity summarised in van Dijk, Terasvirta and Franses (2002) , 9 where they are also advocated as a guide to identifying the appropriate model (ESTAR or LSTAR) and the best…tting value of the delay in the transition variable. (see also Escribano and Jorda (1999) ).
The results, as summarised in Table 2 , are suggestive rather than conclusive. The evidence of nonlinearity in the reported tests was unambiguous for Germany and Japan, far less so for France and UK. As far as the transition variable was concerned, repeating all tests for di¤erent values of the delay d gave no clear reason to prefer a lag greater than 1.
What is much clearer from the sequence of tests is that LSTAR is preferred to ESTAR, a conclusion which ‡ies in the face of most of the published literature. 10 While the LM test results reported in the …rst panel of the table can only be said to favour LSTAR on balance, the hypothesis tests which follow them are quite unambiguous when we apply the decision 9 We are grateful to the authors of this survey for the use of their software. Estimating the TV-STAR model in its general form (7) is challenging, requiring a fourdimensional grid search over the i and c i with the full complement of m lags in each of the four polynomials. At the …nal stage, an attempt was made to …nd a more parsimonious representation by suppressing terms in the lag polynomials wherever possible. In the event, the interaction term seemed to be required in each case, in the sense that imposing the restriction given in (8) resulted in an inferior …t. The results reported in Table 3 are for the best-…tting models from the TV-STAR class, as selected by the AIC criterion. Notice that in the majority of cases, there is no evidence of any remaining autocorrelation, nor of any instability in the coe¢ cient estimates. The c i are all highly signi…cant, and the estimates of the transition speed parameter, i are always positive and mostly signi…cantly greater than zero. Moreover, the AIC's for the best TV-STAR equations dominate not only those for linear but also for both classes of single-transition models.
There are a number of noteworthy features of the results. First, the coe¢ cients of q t 1 are nearly all negative, with the few positives insigni…cantly di¤erent from zero, which means that the estimated equations are broadly stable, in the sense that, while the process may well be a random walk in the neighbourhood of equilibrium, it is clearly mean reverting in the outer regimes. (see e.g. Sarno and Taylor (2002)) The most surprising aspect of the results is in the estimates of the breakpoints (measured as a proportion of the dataperiod), c 1 = b t=T . At the outset, our presupposition was that the regime change from …xed to ‡oating rates at the end of the Bretton Woods era must have marked a decisive break in each time series. In the event, the outcome can be seen by reading Table 3 alongside Table 4 , which, in order to help in interpreting the size of the regime shifts, shows computations of the implied steady values of q for the three limiting cases F 2 (q) = 0; 1 2 ; 1.
It can be seen that the TV-STAR process only picks out the start of the ‡oating era in the case of Germany, for which the move to a ‡oating rate regime seems to have been associated with an appreciation in the long run real exchange rate of the DM of about 1.5%
(See Table 4 ).
As far as the other countries are concerned, although for the sake of completeness we have presented computations for all three regimes in Table 4 , in reality the results re ‡ect the limitation that, apart from Germany, each of the other three countries seems to have resided for most of the period in a single regime, leaving too few observations in the others to make for stable estimates. Speci…cally, as can be seen from the Figures, our results suggest France and Japan were almost always in the upper regime i.e. with q >> c 2 and hence F 2 (q) = 1, which probably explains the implausibly large estimates of the the shift in the equilibrium in the two other states.
With that caveat in mind, we conclude that there is strong evidence of a shift in the Pound's steady state value around or soon after Black Wednesday (16th September 1992),
probably associated with an appreciation of about 3% against the Dollar. For Japan, the 1972-3 break appears to be susbsumed in the second LSTAR function, F 2 (q). Examination of the graph (Figure 3) suggests that, since the Yen underwent a more or less unbroken appreciation over the …rst half of our data period, the 1972-3 episode appears as a steady state level of the real exchange rate. The time function, F 1 (t), then picks out a second break in the early stages of the Asian crisis, when Japan began to experience de ‡ation for the …rst time. Some indication of the scale of the shift can be gained from Table 4 , which shows that the implied appreciation in the long run steady-state level of the Yen against the dollar may have amounted to about 30%.
To ensure this conclusion was not simply caused by the fact that we have relatively few data points after the 1997 break, 11 we …tted the same equation to the ‡oating rate subperiod only. As can be seen, the results are broadly similar to those for the full period, with the break identi…ed a few months later, in early 1998, suggesting the shift is quite robust.
11 In fact, as was clear from the graph of F 1 (t), (not shown here, but available from the authors on request) the dataset ends well before the time transition function gets close to its upper asymptote of 1.0.
The scale of the apparent shift for Japan may also be due to other factors. For example, markets may have extrapolated the falling Japanese price level into the inde…nite future. Also, the model implemented here ignores any possible Balassa-Samuelson productivity-growth e¤ect.
For the Franc, the regime change is also at an unexpected point. Presumably, the break in 1984-5 re ‡ects the previous year's turning point in French monetary policy with the abandonment of re ‡ation and the adoption of the franc fort, generating a rise in the steadystate real exchange rate of nearly 6%. 12 It is also notable that only for France does it look as though the regime change may have been sharp enough to be proxied by a step function or dummy variable. For Germany, the UK and, especially Japan, the shift in the mean reversion process was far more gradual.
Generalised Impulse Response Functions
The task of assessing the response of nonlinear models to shocks is nontrivial, as the …tted equations cannot be straightforwardly inverted to yield impulse response functions of the kind typically used to analyse ARMA and VARMA processes. Instead, we are forced to use socalled Generalised Impulse Response Functions (GIRF's), (Koop, Pesaran and Potter (1996) ) de…ned as:
where h = 1; 2:::::60 is the forecast horizon in months, is the size (in units of standard deviations) of the shock to the residual in the basic equation 1 for which the simulated path is being generated and ! t 1 is the history of the process up to and including the time t 1.
12 taking account of the fact that France was in the upper zone of the exchange rate transition function for almost the whole period (see Figure 1) . The implausibly large size of the implied devaluation in the other two states is almost certainly a result of the fact that we have virtually no observations in the lower regime and not many in the transition phase between the two.
13
It is well known that nonlinear systems are path-dependent, in the sense that the e¤ect of a random shock at time t depends on the whole past history of the process. In other words, the function in 10 is a random variable whose realisation depends not only on the shock, simulated at t, but also on the particular path taken from time 0 until t 1 summarised by ! t 1 . It follows that our conclusions have to be based on the means of arti…cially generated histories of length T 1, where T is the length of our dataset, supplemented by simulated post-sample paths for the shocks from T + 1 to T + h. For each currency, we computed the mean 13 of 1000 simulations bootstrapped from the estimated error process, with = i " for i = 1; 4; 8. (It should be noted, of course, that for highly nonlinear systems, the e¤ect of a shock of k is not necessarily k times the e¤ect of a 1 shock, nor can we be sure the outcome will be the negative of a shock of k ).
The results of the GIRF exercise are best viewed as regime-dependent. Since the insample observations predominantly relate to one or two regimes (e.g. for Germany F 1 < 0:5; F 2 < 0:5 rather than F 1 < 0:5; F 2 > 0:5, which is never actually observed), we only present a subset of the possibilities for each currency. The GIRFs are summarised in Table   5 which presents the half-lives of shocks i.e. the number of months required for one-half of the initial disturbance, , to be eliminated. The results are only given for i = 1; 4 to save space 14 , and for the regimes which predominated during our sample period. Graphs of the GIRFs for i = +1 are given in Figures 2A to 2D . 13 In principle, we need not con…ne attention to the mean. In fact, van Dijk, Terasvirta and Franses (2002) consider three di¤erent percentiles of the realized distribution of outcomes. Here, we examined the medians whenever we suspected the means may have been distorted by a small number of extreme realizations. The results, however, were not qualitatively di¤erent, so are not reported here. 14 For other values, the results (which were qualtitatively similar) are available from the authors.
14 There are a number of notable points. First, the results for Germany displayed remarkable stability at every level of shock, from -8 to +8. Not only did the GIRFs invariably tail o¤, but the rate of convergence seemed to vary little across …xed and ‡oating regimes. In fact, a half-life of around 2 years for a = 1 shock is not far o¤ the consensus in the published literature. One puzzling aspect of the results for Germany is that half lives of large shocks are barely any shorter than for small shocks, contrary to the logic of the model. The same is true for Japan and UK, though post-1983 France does appear to …t the pattern of more rapid convergence in the aftermath of larger shocks. Prior to the 1992 break, the UK results suggest instability (often in the form of unstable cycles), whereas post-1992 the process looks slightly more consistent with very slow convergence. Both for France and Japan, the real mean reversion process appears to have speeded up dramatically after the respective breaks.
In the French case, this could be a consequence of tying the nominal exchange rate more closely to the DM, though this might have been expected to cause both countries to mean revert at the same speed, rather than cause France to actually be faster than Germany. As far as Japan is concerned, the dramatic fall in convergence speed after 1997 is harder to interpret.
Conclusions
The evidence presented in this paper suggests the real exchange rate adjustment process has itself been subject to regime shifts even within the ‡oating rate era. Taking them into account explicitly through a TV-STAR model allowed us to identify these shifts, while at the same time estimating the mean reversion process on either side of the breaks. The analysis does however leave a number of obvious loose ends. First, it remains to be seen whether the models …tted here have any forecasting power. Also, this paper has not addressed the question of the existence or otherwise of a Balassa-Samuelson e¤ect, which has already been mentioned as possibly distorting our results, especially for Japan. It is not obvious how to introduce a productivity-growth proxy into a model which already includes a nonlinear function of time, (Paya and Peel (2003) suggest this is problematic even in single-transition models) and the few initial experiments we conducted (not reported here) were not very promising. However, this is a topic which will be investigated in future work. 
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